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基礎化学品 104-106 <1 - 5 連続プロセス
精密化学品 102-104 5 - >50 バッチプロセス


















Scheme 1-1.  Ethyleneimine synthesis from 2-aminoethanol by vapor phase intramolecular 



























媒設計の指針として提示した。すなわち、ハメットの酸度関数で H0 ≦ -8.2と表現される強酸触媒
は、生成したアクロレインを重質分へ転化させて触媒上へ炭素分として沈着させる逐次分解反応を
進行させる。一方、-8.2 ≦ H0 ≦ -3.0 の中程度の酸触媒は、逐次分解することなく効率的にアク
ロレインを生成する。また、-3.0 ≦ H0 ≦ +6.8の弱酸触媒では、アクロレインへの脱水活性が乏












































 (1) 反応基質の高濃度化 
 (2) 多相系反応における接触効率、および、物質移動(拡散)の向上 
 (3) 容易な分離工程とプロセスの簡略化 
 (4) 触媒の長寿命化(コーク前駆体の抽出作用) 
 (5) 溶媒物性の簡便な制御(温度-圧力依存性) 
 (6) 液相より高い拡散性 
 (7) 気相より高い伝熱性 







 例えば、Poliakoff らは 13、大きな発熱反応である固体酸触媒を用いる Friedel–Crafts 型のアルキ
ル化反応や、貴金属触媒を用いるケトン、アルケン、ニトロ化合物の水素化反応を超臨界二酸化炭
素中で行い、効率よく目的反応が進行することを報告している。Baikerらは 14、超臨界アンモニア


































medium Tc  (℃) Pc  (MPa)
CO2       31.0        7.38
NH3 132.5 11.28









































Scheme 1-6. Catalytic hydrogenation of CO2 using the ruthenium molecular catalysts under 


















































Scheme 1-8. N-Methylation of 2-aminoethanol using the acid-base bifunctional solid catalyst under 








Scheme 1-9. Chemo-selective methylation of phenol using solid acid or base catalysts under 




















Scheme 1-11. Hydroxycarbonylation of alkene using organorhodium complex. 
 







[1] a) Roger A. Sheldon, Green Chemistry 2017, 19(1), 18-43; b) Roger A. Sheldon, Chem. Commun. 
2008, (29), 3352-3365; c) Roger A. Sheldon, Green Chemistry 2007, 9(12), 1273-1283; d) Roger 
A. Sheldon, Comptes Rendus de l’Academie des Sciences, Serie IIc: Chimie 2000, 3(7), 541-551. 
[2] a) Luigi Vaccaro (Ed.), “Sustainable Flow Chemistry” 2017, WILEY-VCH Verlag GmbH & Co. KGaA; 
b) Timothy Noe l (Ed.), “Organometallic Flow Chemistry” Topics in Organometallic Chemistry, 2016, 
57, Springer International Publishing;  
[3] As reviews: a) S. Kobayashi, Chem. Asian J. 2016, 11, 425-436; b) D. McQuade, S. Tyler, H. Peter, J. 
Org. Chem., 2013, 78, 6384-6389. 
[4] K. Tanabe, M. Misono, Y. Ono, H. Hattori, "New Solid Ascids and Bases - their catalytic properties", 
Kodansha, Tokyo (1989). 
[5] a) H. Tsuneki, Y. Shimasaki, K. Ariyoshi, Y. Morimoto, M. Ueshima, Nippon Kagaku Kaishi, 1993, 
11,1209-1216; b) M. Ueshima, H. Tsuneki, “Catalytic Science and Technology”, 1991, pp.1,357 
Kodansha; c) M. Ueshima, Y. Shimasaki, Y. Hino, H. Tsuneki, “Acid-Base Catalysis”, 1988, 41, 
Kodansha. 
[6] a) T. Yokoyama, T. Setoyama, N. Fujita, T. Maki, “Acid-Base Catalysis Ⅱ”, 1993, 47, Kodansha; b) T. 
Yokoyama, T. Setoyama, N. Fujita, M. Nakajima, T. Maki, K. Fujii, Appl. Catal., 1992, 88, 149-161. 
[7] a) As a review: Y. Izumi, H. Ichihashi, Y. Shimazu, M. Kitamura, H. Sato, Bull. Chem. Soc. Jpn., 2007, 
80(7), 1280-1287; b) H. Ichihashi, M. Ishida, A. Shiga, M. Kitamura, T. Suzuki, K. Suenobu, K. Sugita, 
Catal. Surv. Asia, 2003, 7(4), 261-270; c) M. Ishida, T. Suzuki, H. Ichihashi, A. Shiga, Catalysis Today, 
2003, 87(1-4), 187-194; d) H. Ichihashi, Stud. Surf. Sci. Catal., 2003, 145, 73-78; e) H. Ichihashi, M. 
Kimura, Catalysis Today, 2002, 73(1-2), 23-28; f) H. Ichihashi, H. Sato, Appl. Catal. A: General, 2001, 
221(1-2), 359-366. 
[8] S.-H. Chai, H.-P. Wang, Y. Liang, B.-Q. Xu, Green Chem., 2007, 9, 1130-1136. 
[9] a) M. Kono, H. Ishida, ゼオライト, 1991, 8(2), 12-17; b) M. Kono, Y. Fukuoka, O. Mitsui, H. Ishida, 
日本化学会誌, 1989, (3), 521-527. 
[10] 日本化学会編, 化学便覧 基礎編 2 -改訂 4 版, 丸善 (1993). 
[11] a) A. Baiker, Chem. Rev., 1999, 99, 453-474; b) P. E. Savage, “Handbook of Heterogenous Catalysis 
“ Vol. 4, WILEY-VCH Verlagsgesellschaft mbH, (1997); c) P. E. Savage, S. Gopalan, T. I. Mizan, C. J. 
Martino, E. E. Brock, AIChE J., 1995, 41(7), 1723-1778. 
[12] As reviews: a) F. Jutz, J.-M. Andanson, A. Baiker, Chem Rev., 2011, 111, 322–353; b) T. Seki, A. Baiker, 
Chem. Rev., 2009, 109, 2409-2454; c) M. Solinas, A. Pfaltz, P. G. Cozzi, W. Leitner, J. Am. Chem. Soc., 
2004, 126, 16142-16147. 
[13] a) M. Poliakoff, M. W. George, P. A. Hamley, S. M. Howdle, Chemica e l’Industria, 1999, 81(3), 339-
344; b) W. K. Gray, F. R. Smail, M. G. Hitzler, S. K. Ross, M. Poliakoff, J. Am. Chem. Soc., 1999, 121, 
10711-10718; c) M. G. Hitzler, F. R. Smail, S. K. Ross, M. Polialoff, Chem. Commun., 1998, 359-360; 
d) M. G. Hitzler, F. R. Smail, S. K. Ross, M. Poliakoff, Org. Pro. Res. Dev., 1998, 2, 137-146; e) M. G. 
Hitzler, M. Poliakoff, Chem. Commun., 1997, 1667-1668. 
[14] a) M. Caravati, D. M. Meiser, J.-D. Grunwaldt, A. Baiker, J. Catal., 2006, 240(2), 126-136; b) as a 
review: J.-D. Grunwaldt, A. Baiker, Phys. Chem. Chem. Phys., 2005, 7(20), 3526-3539; c) M. Caravati, 
J.-D. Grunwaldt, A. Baiker, Phys. Chem. Chem. Phys., 2005, 7(2), 278-285; d) as a review: J.-D. 




[15] a) N. Tsubaki, K. Yoshii, K. Michiki, K. Fujimoto, 高分子論文集, 2001, 58(10), 495-501; b) L. Fan, 
I. Nakamura, S. Ishida, K. Fujimoto, J. Chem. Eng. Jpn., 1998, 31(4), 585-588; c) L. Fan, S. Yan, K. 
Fujimoto, K. Yoshii, J. Chem. Eng. Jpn., 1997, 30(5), 923-927; L. Fan, I. Nakamura, S. Ishida, K. 
Fujimoto, Ind. Eng. Chem. Res., 1997, 36, 1458-1463. 
[16] a) V. Arunajatesan, K. A. Kimberly, B. Subramaniam, Ind. Eng. Chem. Res., 2003, 42(12), 2639-2643; 
b) B. Subramaniam, Appl. Catal. A: General, 2001, 212, 199-213; c) M. C. Clark, B. Subramaniam, 
AIChE J., 1999, 45(7), 1559-1565; d) M. C. Clark, B. Subramaniam, Chem. Eng. Sci., 1996, 51(10), 
2369-2377; e) as a review: B. Subramanim, M. A. McHugh, Ind. Chem. Process. Des. Dev., 1986, 25(1), 
1-12. 
[17] a) P. G. Jessop, Y. Hsiao, T. Ikariya, R. Noyori, J. Am. Chem. Soc., 1996, 118(2) 344-355; b) P. G. Jessop, 
T. Ikariya, R. Noyori, Science, 1995, 269, 1065-1069; c) P. G. Jessop, T. Ikariya, R. Noyori, Chem. Rev., 
1995, 95(2) 259-272; d) P. G. Jessop, Y. Hsiao, T. Ikariya, R. Noyori, Chem. Commun., 1995, 707-
708; e) P. G. Jessop, T. Ikariya, R. Noyori, J. Am. Chem. Soc., 1994, 116(19), 8851-8852; f) P. G. Jessop, 
T. Ikariya, R. Noyori, Nature, 1994, 368(6468), 231-233. 















































Scheme 2-1. N-Methylation of 2-aminoethanol including protection / deprotection of hydroxyl group 



































































































































Figure 2-2. Conversion curves of 2-aminoethanol under gas and supercritical conditions using the 




























time on stream, hr
300 0C, 15 MPa

























量に対する反応基質のモル流量(W/F, g-cat h/mol-amine)を一定の条件で検討した(Figure 2-3)。常圧
気相条件と 8.2 MPaの超臨界条件とでは、いずれも反応温度が高くなるにつれて 2-アミノエタノー
ルの転化率(x)が向上し、一方、N-メチル化選択率(s)は温度が低いほど高くなった。転化率 70%程





Figure 2-3.  The effect of temperature on the conversion of 2-aminoethanol (x) and selectivity for 
N-methylated products (s) in the gas phase (white bars) and the supercritical phase, P = 8.2 MPa, 
(black bars) in the methylation of 2-aminoethanol over the Cs-P/SiO2 catalyst.  
Conditions: W/F = 55 g-cat. h/mol-amine, CH3OH/ amine = 10.8/1 mol ratio. 
 
  
□ gas phase, 0.1 MPa














Figure 2-4. Pressure effect on the reactivity and selectivity for N-methylation of 2-aminoethanol 



































































Figure 2-5. Distribution of amines vs. contact-time. 
 











CH3HN OH (CH3)2N OH








下した(Entry 1)。同様に、2-アミノエタノールの代わりに N-メチル 2-アミノエタノールを原料とし
て用いると、水の添加によって転化率が 47%から 9%まで低下した(Entry 3)。さらに、N,N-ジメチ
ルアミノエタノールを原料として用いると、水の添加の有無に関わらず、いずれの場合も反応が進



































2-3-6 N-アルキル 2-アミノエタノールの反応性比較 
 
 次に、アミノ基上の置換基効果を調べた。2-アミノエタノールの-NH2基の一つの水素原子がアル
キル基で置換された構造の N-アルキル 2-アミノエタノール(R(H)N-C2H4-OH, R=CH3, C2H5, i-C3H7)を
反応原料として用いて、モル濃度一定の条件下で反応性を比較した(Scheme 2-5)。いずれの基質を
用いた場合でも、高選択的に N-メチル化生成物が得られ、また、アルキル基が再配置した生成物
(R2N-C2H4-OH, R=C2H5 or i-C3H7)は生じなかった。 
 
 
Scheme 2-5. N-Methylation of N-substituted aminoethanols. Conditions: T = 300 ℃, P = 8.2 MPa, 









































Table 2-4. N-Methylation of various aminoalcohols over Cs-P/SiO2 catalyst. T = 300 oC, P = 8.2 




















 Cs-P/SiO2 触媒を用いる気相条件での 2-アミノエタノールからのエチレンイミン生成反応につい






















































Scheme 2-7.  Reaction kinetics for simultaneous differential equations.  
kn : rate constant of each compound (n) in scheme 2-6, Kn : adsorption equilibrium constant of each 
compound (n) , and Pn : each ideal partial pressure. 
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Figure 2-8. The results of the curve-fitting calculation.   
The mol ratio (a) = 10.8/1, (b) = 20/1, (c) = 40/1, and (d) the result of N-methylation of N-methyl 2-
aminoethanol to N,N-dimethylaminoethanol in 20/1 mol ratio. Symbols: observed data of 2-
aminoethanol (o-marks), N-methyl 2-aminoethanol (x-marks), N,N-dimethylaminoethanol (◇-marks), 




1) N-メチル化反応は不可逆的に進行する：k1 = 0.142，k2 = 0.068 
2) 水による反応阻害効果は、吸着平衡定数の比により説明される： 
Kwater / K1 = 5，Kmethanol / K1 = 0.05 




















































































実施した。Figure 2-9に Cs-P/SiO2触媒の NMRチャートを示した。Csおよび Pともに、少なくとも





点として P2O5/SiO2と、塩基点としての Cs+/SiO2とが共存することがわかる。これらの化学種は N-
メチル化反応に寄与しない(Table 2-2)。 











104ppm、31P ではδ-21ppm と-22ppm であると同定した。したがって、残りの 133Cs におけるδ



















d (-17 ~ -19 ppm) 
CsSiO2
d (47 ppm) 
Cs ortho-phosphate
d (36 ppm) 
Cs pyrro-phosphate
d (104 ppm) 
Cs meta-phosphate
d (-6 ppm) 
Cs ortho-phosphate
d (-8 ppm) 
Cs pyrro-phosphate







2-7-1 α,ω-アルキレンジアミンの N-メチル化 
 
 アルキレンジアミンを反応基質とした同様の反応を Cs-P/SiO2 触媒で検討した(Table 2-6)。エチ
レンジアミンを基質に用いると、300℃、8.2 MPa の超臨界メタノール条件下で転化率 70%、N-メ
チルエチレンジアミン、N,N-ジメチルエチレンジアミンと、N,N’-ジメチルエチレンジアミンの合計
で約 100 %の選択性で N-メチル化物が得られた。さらに、常圧の気相条件では、400℃でも全く反
応は進行せずに、原料エチレンジアミンが回収された。2-アミノエタノールの場合とは異なって、
反応温度を上げるに従って転化率が向上するとともに比較的高い選択性を保つ特徴があり、400℃
条件で転化率 94%、選択率 85 %が得られた。エチレンジアミン基質の場合には、ジメチル体とし
て非対称な N,N-ジメチルエチレンジアミンと対称な N,N’-ジメチルエチレンジアミンが生じる可能
性があり、その選択性は非対称ジメチル体の方が優先している。反応温度が高くなるとともに、対
称な N,N’-ジメチル体の選択性が 5 % (300℃)から 14 % (400℃)まで増加した。 
 
Table 2-6. N-Methylation of various alkylene diamines using Cs-P/SiO2 catalyst. T = 300 oC, P = 




























P/SiO2触媒を用いて、反応温度を 300℃から 400℃、圧力を常圧から 12MPaの範囲で反応させた結
果を Table 2-7に示した。超臨界条件では、Cs-P/SiO2触媒へのアンカー効果によって、主生成物と
してグリコールのモノメチル体である 2-メトキシエタノールが得られ、12MPa条件のとき 76 %の
高い選択率で進行した(Entry 6)。一方、常圧条件では 2-メトシキエタノール選択率は 10 %であり、
ジエチレングリコールや 1,4-ジオキサン、アセトアルデヒド(AcH)と、アルドール縮合物が主とし
て得られた(Entry 1)。グリコールの自己縮合二量化反応により分子間脱水生成物のジエチレングリ

















Table 2-7. O-Methylation of ethylene glycol with CH3OH using Cs-P/SiO2. W/F = 150 g-cat h/mol-



















1 HO(CH2)2OH 300/0.1 46 10 32 58
2    " 300/2 51 26 36 38
3    " 300/5 44 50 35 15
4    " 300/8.2 35 67 30 2
5    " 300/10 31 68 23 4
6    " 300/12 23 76 21 3
7    " 330/0.1 71 2 10 88
8    " 330/8.2 65 47 10 43
9    " 360/0.1 92 1 5 93
10    " 360/8.2 88 33 5 62
11    " 400/0.1 98 1 1 97























































[1] a) M. Frauenkron, J.-P. Melder, G. Ruider, R. Rossbacher, H. Ho ke, “Ethanolamines and 
Propanoamines” Ullmann's Encyclo. Ind. Chem. Wiley (2001); b) J. I. Kroschwiz (Executive Ed.), M. 
H.-Grant (Ed.), “Alkanolamines”, KIRK-OTHMER Encyclo. Chem. Tech. 4th ed., Vol. 2, Wiley-
Interscience (1993). 
[2] P. G. M. Wuts, T. W. Green, “Green’s Protective groups in organic synthesis” 4th ed.,, Wiley-
Interscience (2006). 
[3] a) R. B. C. Plillai, K. K. Bhattacharyya, C. N. Pillai, Indian J. Chem., 1993, 32A, 165-167; b) Hungary 
Patent, HU 56339, 1991 (NITROIL Vegyipari Termelo-Fejleszto Kozos Vallalat). 
[4] a) Y. Fue, T. Baba, Y. Ono, Appl. Catal. A:General, 1999, 178, 219-223; b) Y. Fue, T. Baba, Y. Ono, Appl. 
Catal. A:General, 1999, 176, 201-204; c) Y. Fue, T. Baba, Y. Ono, Appl. Catal. A:General, 1998, 166, 
425-430; d) Y. Fue, T. Baba, Y. Ono, Appl. Catal. A:General,1998, 166, 419-423; e) Y. Ono, Appl. Catal. 
A:General, 1997, 155, 133-166. 
[5] K. Segawa, H. Tachibana, J. Catal., 1991, 131, 482-490. 
[6] U. Harder, E. Pfeil, K.-F. Zenner, Ber., 1964, 97, 510-519. 
[7] a) H. Tsuneki, Appl. Catal., A: General, 2001, 221, 209-217; b) M. Ueshima, H. Yano, H. Hattori, 石
油学会誌, 1992, 35(4), 362-365.  
[8] a) Y. Ono, H. Hattori, “Solid Base Catalysis”, Chemical Physics Vol. 101 pp.41, Springer (2011); b) K. 
Tanabe, H. Hattori, T. Yamaguchi, T. Tanaka (Eds.), “Acid-Base Catalysis”, Proc. Int. Sym. Acid-Base 






























































 (1) メチル化剤であるメタノールの無効分解と選択性の二者択一を余儀なくされる。 
 (2) 効率的な除熱に設備コストがかかる一方、不十分な除熱では選択率の低下を招く。 
 (3) 高温度の気相反応のため触媒表面でコーキングしやすく、触媒が劣化する。 





























 第 2章 Figure 2-1に記載のフロー反応装置を使用して、まず、Cs-P/SiO2触媒における超臨界メタ
ノール中でのフェノール(C6H5-OH; PhOH)のメチル化反応について検討した(Table 3-1)。実験は、液
空間速度(LHSV, 常温常圧下の原料溶液の体積流量(liter/h)/触媒層体積(liter-cat.))を 4 h-1、または、
8 h-1に揃えて実施した。単官能性であるにも関わらず、超臨界条件では良好に O-メチル化反応が進
















Table 3-1. Reaction of PhOH with CH3OH over the Cs-P/SiO2 catalyst. 
 
 
Entry T , °C P , MPa mol ratio LHSV, conv,
CH3OH/PhOH/H2O h
-1  % Anisol o- Cresol
1 300 0.1 20/1/0 4 3 97 0
2 300 2 20/1/0 4 15 94 0
3 300 5 20/1/0 4 26 99 0
4 300 8.2 20/1/0 4 34 99 0
5 300 10 20/1/0 4 34 100 0
6 300 12 20/1/0 4 29 100 0
7 270 8.2 20/1/0 4 9 98 0
8 330 8.2 20/1/0 4 30 92 0.3
9 360 8.2 20/1/0 4 27 84 0.7
10 400 8.2 20/1/0 4 37 73 3
11 300 8.2 20/1/0 8 40 93 0
12 300 8.2 20/1/1 8 0.7 100 0
13 300 8.2 40/1/0 8 49 98 0















圧、400℃条件では転化率 9%ながらオルト位核メチル化選択率がほぼ 100%であり(Entry 5)、500℃







Table 3-2. Catalyst screening for methylation of m-cresol with CH3OH using solid base catalysts. 
Conditions; CH3OH/m-cresol = 13.5/1 mol ratio, LHSV = 4 h
-1
, time-on-stream = 90 min. ZrO2 

















Figure 3-1. Fe-V/SiO2 catalyst life-time: Influence of time-on stream on the catalytic activity.  

























 次に、触媒寿命に関わる因子を明らかにするために、気相および超臨界条件で 72 時間の連続反
応評価後の触媒を抜き出して各々の触媒を比較した(Table 3-3)。まず、元素分析により測定された
蓄積炭素量は、気相条件と超臨界条件では、それぞれ、10 wt%、22 wt%であり、超臨界条件の方










Table 3-3. Analytical comparison of the used catalysts between supercritical and gas phase 
















supercrit. phase 15 22 22 127, (48)
















を ZrO2の焼成温度に対してプロットすると、良い相関関係が得られた(Figure 3-2)。 
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3-4 超臨界メタノール反応場で機能する Fe-V/ZrO2触媒の開発 
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 (1) 触媒分離操作における多量の廃液と固形廃棄物の発生 
 (2) 石鹸の副生による収率低下と製品ロス 




















Scheme 4-2. Mechanism of transesterification for Lewis acid catalyst 5 
 
 























































 (1) エステル交換反応と遊離脂肪酸のエステル化反応の両反応に活性を有する 
 (2) 反応液中に触媒活性成分がリーチング(溶出)せず、高い耐久性(触媒寿命)がある 





























































Table 4-1. Screening of catalyst for transesterification of triolein using batch reactor. 





catalyst temperatue, conc. of leating M
oC Fatty methyl esters Glycerin ppm
TiO2 on SiO2 200 74% 42% －
TS1 200 76% 53% Not detected
TiO2 on ZrO2 200 79% 79% Ti: <1 Zr: N.D.
Ti0.5Zr0.5O2 200 69% 63% Ti: <1 Zr: N.D.
HTiNbO5 200 80% 56% Not detected
TiVO4 150 79% 51% Not detected
FeVO4 150 66% 20% Fe:N.D. V:130
CoV2O7 200 43% 15% Not detected
CeVO4 200 65% 24% Ce:N.D. V:250
FeTiO3 200 94% 94% Not detected
CoTiO3 200 77% 41% Not detected
NiTiO3 200 63% 63% Not detected
MnTiO3 200 87% 49% Not detected
Mn/Al 200 94% 61% Not detected
Mn/Si 200 30% 7% －







 原料として使用される代表的な植物油脂について、構成する長鎖脂肪酸成分を Table 4-2 にまと
めた。精製されたパーム油、菜種油(Rapeseed oilおよび Canola oil)、ココナツ油について、MnTiO3
触媒存在下、200℃、24時間バッチ反応評価した結果、いずれの植物油でもトリオレインと同様に
反応が進行した(Table 4-3, Entry 1-4)。脂肪酸の炭素鎖が短いココナツ油が、より長い炭素鎖を持つ
パームや菜種よりも高い反応性を示した。 
 次に、遊離脂肪酸を 5.1 wt%含有する粗パーム油を入手して、精製パーム油と反応性を比較した









Table 4-3. Variety of source vegetable oils. 
Conditions: 60g of vegetable oil and 20g of CH3OH with 2.5g of the MnTiO3 catalyst powder in 200 
ml stainless-steel vessel. 
 
  Fatty acid C number double bond
number
Palm Rapeseed Canola Coconut
－ < 12 0 15
lauric 12 0 0.3 47
myristic 14 0 1.1 16.5
palmitic 16 0 45.1 2.5 4.5 8
palmitoleic 16 1 0.1 1
stearic 18 0 4.7 1.5 1.5 4
oleic 18 1 38.8 18 58 5
linoleic 18 2 9.4 16 22 2.5
linolenic 18 3 0.3 6 8 1
arachidic 20 0 0.2 1 1
gadoleic 20 1 10 2.5
behenic 22 0 1
erucic 22 1 44 2.5
Enrty vegetable oil
glycerides free acid Fatty methyl esters Glycerin
1 refined Palm 99 － 81 46
2 refined Rapeseed 100 － 81 52
3 refined Canola 100 － 76 53
4 refined Coconut 96 － 89 64

























Enrty time, h conv., %
Fatty methyl esters Glycerin
1 0.5 24 7 4
2 2 40 19 12
3 7 67 43 31
4 12.5 81 57 42











conv. 0% [raw material] 24% 40% 67% 81% 90%
phase double double double single double double
photo
conv. 0% [raw material] 24% 40% 67% 81% 90%
phase double double double single double double
photo
conv. 0% [raw material] 24% 40% 67% 81% 90%


















Figure 4-4. Long term test on the transesterification of refined palm oil with CH3OH using the Mn/Al 
and MnTiO3 catalysts.  
Conditions: T=200 oC, P=5 MPa, LHSV=1 h
-1
 and Palm oil/CH3H=1/9 chemical equivarent, using 









































Open symbols : Mn-Al 
Closed symbols : MnTiO3
○, ● : Conversion
□, ■ : FAME yield







Figure 4-5. Contact time course of the product distributions over the MnTiO3 catalyst.  



















































Table 4-5. Result of the transesterification of refined palm oil using the consecutive flow reactor. 
 
a RPO means refined palm oil, 
b
















200°C, 5.0 MPa, Yield = 91.1(FAME)
LHSV = 0.7 hr
-1              82.5(Glycerin)







200°C, 5.0 MPa, Yield = 99.4(FAME)
LHSV = 1.0 hr
-1              98.4(Glycerin)











































































Scheme 4-5.  Plausible mechanism for transesterification over the solid Mn-catalysts under 
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Scheme 5-2. Hydroxycarbonylation of cyclohexene with CO2 and H2 using the Rh2Cl2(CO)4 complex 
























Scheme 5-3. Previously proposed reaction mechanism of organorhodium catalyzed hydroxyl- 


































Table 5-1. Hydroxycarbonylation of cyclohexene with HCOOH and CO2/H2. 
 
Reaction conditions: T=180 ℃, 5.7 mmol of cyclohexene, 100 mmol of CH3COOH, 1.0 mmol of p-TsOH∙H2O, and 
0.28 mmol of Rh as mononuclear complex in 30-ml pressure vessel; 
a
Total mol number of free PPh3 and coordinated 
PPh3 ligand in Rh source complex vs. that of Rh as mononuclear complex; 
b
Conversion rate of cyclohexene; 
c
GC 
yield using internal standard; 
d
21 mmol of HCOOH; 
e
1.36 mmol of (Ph3(CH3)P)I (i.e., same amount of (Ph3P(CH3)I) 
was used in entries 4, 5, 9, and 10; 
f
290 mmol of CO2 and 12 mmol of H2 (i.e., initial pressure is approximately 13 








P/Rh CH3I/Rh (%) Cy-COOH Cy-I Cy-OAc Cy-H
1 2 HCO2H
d 2.5 CH3I and PPh3 5 10 94 79 4 1 1
2 2 HCO2H
d 2.5 Ph3(CH3)P-I 3 1 67 9 0 25 1
3 2 HCO2H
d 2.5 Ph3(CH3)P-I 4.5 2.5 89 77 1 3 1
4 2 HCO2H
d 2.5 Ph3(CH3)P-I 7 5 84 76 1 2 1
5 2 HCO2H
d 2.5 Ph3(CH3)P-I and CH3I 7 10 94 82 2 1 1
6 1 HCO2H
d 5.0 CH3I and PPh3 5 10 97 84 2 0 1
7 1 HCO2H
d 2.5 Ph3(CH3)P-I 0.5 0.5 62 10 1 17 0
8 1 HCO2H
d 2.5 Ph3(CH3)P-I 2.5 2.5 64 27 2 19 2
9 1 HCO2H
d 2.5 Ph3(CH3)P-I 5 5 85 61 2 5 1
10 1 HCO2H
d 2.5 Ph3(CH3)P-I and CH3I 5 10 88 74 2 1 2
11 2 CO2/H2
f 2.5 CH3I and PPh3 5 10 91 48 10 4 7
12 2 CO2/H2
f 2.5 Ph3(CH3)P-I 3 1 61 6 2 16 16
13 2 CO2/H2
f 2.5 Ph3(CH3)P-I 4.5 2.5 75 32 4 11 12
14 2 CO2/H2
f 2.5 Ph3(CH3)P-I 7 5 80 41 4 8 7
15 2 CO2/H2
f 2.5 Ph3(CH3)P-I and CH3I 7 10 88 51 10 7 5
16 1 CO2/H2
f 2.5 CH3I and PPh3 5 10 90 52 11 4 6
17 1 CO2/H2
f 2.5 Ph3(CH3)P-I 0.5 0.5 48 3 2 21 1
18 1 CO2/H2
f 2.5 Ph3(CH3)P-I 2.5 2.5 48 4 5 20 2
19 1 CO2/H2
f 2.5 Ph3(CH3)P-I 5 5 58 20 6 16 3
20 1 CO2/H2















ウムホスフィン錯体構造を推定した(Figure 5-1)。最も安定に存在する錯体は、Vaska 型の trans-





Figure 5-1.  The mono- and dinuclear Rh(I) complexes with different number of PPh3 and CO 
ligands. Gibbs free energies (in kcal/mol; 69.085 atm, 453.15 K) were obtained at the B3LYP- 







5-3-2 モデル反応の 31P-NMR解析 
 
 C6D6溶媒中で錯体(1)と等モルの PPh3を室温で混合すると、cis-RhCl(CO)2(PPh3)錯体(A)、および、
複核錯体((B), Rh2Cl2(CO)2(PPh3)2)、ならびに、錯体 (2)が生成することが 31P-NMR測定によって確
認できた。さらに、過剰の PPh3を添加すると、錯体(A)および錯体(B)のシグナルが消失し、シグナ
ルのブロードニングを伴って、Vaska型錯体 (2)のみが生じた(Figure 5-2)6。この結果、複核ロジウ
ム錯体(1)は、過剰の PPh3の共存により、Scheme 5-5 の経路で Vaska 型錯体(2)へ変換されること
がわかった。前節で述べたように、錯体(1)と錯体(2)では、いずれも同様に目的反応が進行したこ





















 次に、反応促進剤とされている CH3Iの役割を調べるために、錯体(2)と CH3Iの反応性について、
GRRM 法を用いる DFT計算を行った。Figure 5-3に示したように、CH3Iが 2の PPh3配位子に作用
してホスホニウム塩(Ph3P(CH3)･I)として脱離させ、エネルギー障壁なく 3 配位 14 電子錯体((3), 
RhCl(CO)(PPh3))を与える。こうして生じる錯体(3)へ CH3Iが酸化的付加することにより、熱力学的
に安定な 5配位 16電子メチル錯体((4a), RhCl(CO)I(CH3)(PPh3))が生じると考えられる(⊿G = -6.92 
kcal/mol)。14電子錯体(3)は不安定なため 31P-NMR で直接的に存在を観測することができないが、
Figure 5-2で観測される複核錯体(B)は錯体(3)の二量体として捉えることができる。 
 なお、ホスホニウム塩による安定化を考慮しない場合には、2から 14電子錯体(3)の生成は⊿G = 
+18.32 kcal/mol のアップヒルとなるため進行しない。また、2へ直接的に CH3I が酸化的付加して
生じる可能性のある 6配位 18電子錯体((C), RhCl(CO)I(CH3)(PPh3)2)は、⊿G = 6.61 kcal/molで化学
平衡的に不利な生成物である。このため、錯体(C)は可逆的に錯体(3)へ戻る経路と、PPh3配位子が
脱離して錯体(4a)を生じる経路を持つと考えられる。また、Figure 5-3では、錯体(4a)が生じる活性





Figure 5-3.  Gibbs free energy profiles of the oxidative addition of CH3I. The Gibbs free energies 
(in kcal/mol; 69.085 atm, 180℃) were obtained at the B3LYP-D3/BS2//B3LYP-D3/BS1 level in the 



































5-4-2 モデル反応の 31P-NMR 
 
 複核錯体(1)に対して 10倍モルの PPh3と 20倍モルの CH3Iを反応させると、31P-NMR スペクト
ルでδ21.4ppm に Ph3P(CH3)-I の生成が確認され、δ29.5ppm に Vaska型錯体(2)の生成とともに、























シクロヘキセンへの酢酸付加物(Cy-OAc)が確認された(Scheme 5-6 a))。この条件に、2に対して 10
倍モルの CH3Iを添加してみると、顕著に目的化合物(Cy-COOH)が収率 41 %で生成した(Scheme 5-6 
b))。また、この反応回収液の 31P-NMRにより、ホスホニウム塩(Ph3P(CH3)･I)の存在を確認できた。
さらに、ロジウム錯体の非存在下では、9 %収率で Cy-COOHと Cy-Iが生じたが(Scheme 5-6 c))、収
率が非常に低いので、ホスホニウム塩からのイリド(Ph3P=CH2)生成によるカルボン酸生成の効果は
























Figure 5-5. Yields of major products vs. molar ratio of Ph3P(CH3)･I / [Rh] as a mononuclear 







らの化合物が 3 配位 14 電子錯体(3)に酸化的付加する際の自由エネルギー変化を見積もった
(Scheme 5-7)。その結果、炭素－酸素結合の酸化的付加過程は、ヨード体(Cy-I)と比較して、著しく
活性化エネルギーが高く、かつ、生じる 5配位 16電子アルキル錯体(4c, 4d)が熱力学的に不安定で
あることがわかった。 
 すなわち、これらの化合物は、シクロヘキセンの逐次的な反応中間体ではないと考えられる。反
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 これまでの結果を総合して得られるカルボニル化過程(Cycle #1)の触媒サイクルを Scheme 5-9に
示す。まず、複核ロジウムカルボニル錯体(1)に PPh3が作用して Vaska型単核錯体(2)を生じる。2
の PPh3配位子に、CH3Iが作用してホスホニウム塩として脱離し、3配位の単核ロジウム 14電子錯










Scheme 5-9. Reaction mechanism of hydroxycarbonylation of alkene using HCOOH. 
 
 
















H)の生成量が大きく異なった。ギ酸を用いることで Cycle #2 (r-WGS反応)の影響が抑制されたこと
に起因すると考えられる(Scheme 5-10)。さらに、同様の傾向が複核錯体(1)を用いた場合にも観測
された(Table 5-1, Entry 10 & 20)。 
 
 





 水性ガス逆シフトの触媒サイクル(Cycle #2)について、Cycle #1 と同様に 3配位 14 電子錯体(3)
が重要な触媒中間体であると考えられる。3に H2が酸化的に付加して生じる 5配位 16電子ジヒド
リド錯体((7), (RhCl(CO)(H)2(PPh3)))が、単純水素化反応の選択性を決めると考えて、DFT計算を行
った(Scheme 5-11)。その結果、錯体(7)の Rh－H 結合に対して CO2 が挿入してホルメート錯体
(RhCl(CO)(HCOO)H(PPh3))が生成する経路の活性化エネルギー(⊿G‡= 23.7 kcal/mol)は、シクロヘ
キセンの C＝C 二重結合が挿入してシクロヘキシルヒドリド錯体(RhCl(CO)Cy(H)(PPh3))が生成する
経路の活性化エネルギー(⊿G‡= 25.7 kcal/mol)よりも、2 kcal/molだけ低くなっている。 
 ギ酸を使用する場合には、7の生成は Scheme 5-11 a)を逆に進むことになり、このとき活性化エ
ネルギーはさらに高くなるためシクロヘキサンはほとんど生成しない。また、ギ酸は強い鉱酸触媒




















 Cycle #2 については、ギ酸を用いる解析手法では詳細を断定することはできないが、ここでは、
3配位 14電子錯体(3)を重要中間体と位置付けて触媒サイクルを推定する(Scheme 5-12)。Cycle #1
と同様に、最初に複核ロジウム錯体(1)が単核錯体(2)を経て、14 電子錯体(3)が生じる。これに H2
が酸化的付加してジヒドリド錯体(7)となり、この Rh－H結合に CO2が挿入してギ酸が生じて、こ
れが酸性条件下で CO と H2O に分解するとともに、3が再生する。すなわち、Cycle #2 の真の触媒
活性種は、ジヒドリド錯体(7)であると考えられる。 







Scheme 5-12.  Reaction mechanism of reverse-Water-Gas-Shift reaction through formic acid 

















 水性ガス逆シフト反応(Cycle #2)は DFT計算によると、酢酸溶媒中、180℃における Gibbsエネル
ギー変化が+5.5 kcal/mol、平衡定数が 0.0022 程度の反応原系に有利な可逆反応と見積もられる。
一方、カルボニル化(Cycle #1)の Gibbsエネルギー変化は-29.4 kcal/molで、生成系が有利である。
























 CH3Iと PPh3の役割は、以下の三点である(Scheme 5-15)。 
1) 複核ロジウム錯体(1)から単核 Vaska型錯体(2)の生成と、2の安定化 
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 Spherical silica beads of 10-20 mesh size (CARiACT Q-30, Fuji Silysia Chemical Ltd.), mordenite 
with a Si:Al atomic ratio of 9:1 (HSZ640HOA, proton form, Tosoh Corporation), zeolite beta with a Si:Al 
atomic ratio of 12:1 (CP811E-22, proton form, Zeolyst International), silica-alumina with a SiO2:Al2O3 
molar ratio of 11:1 (N632L, Nikki Chemical), -alumina (N612N, Nikki Chemical), sodium nitrate (99.9%, 
Wako Pure Chemical Industries, Ltd.), potassium nitrate (99.9%, Wako Pure Chemical Industries, Ltd.), 
cesium nitrate (99.9%, Wako Pure Chemical Industries, Ltd.), and ammonium dihydrogenphosphate 
(>99%, Wako Pure Chemical Industries, Ltd.) were used for a catalyst or its precursor.  
 Methanol (>99.8%), 2-aminoethanol (>99%), N,N-dimethylaminoethanol (>99%), n-
butylamine (>98%), 2-pyrrolidone (>98%), ethylenediamine (>99%), N,N-dimethylethylene- diamine 
(>97%), 1,3-propanediamine (>97%), 1,4-butanediamine (>98%), 2-(2-aminoethoxy)- ethanol (>95%), 
and ethylene glycol (>99.5%) were supplied by Wako Pure Chemical Industries, Ltd.  N-
Methylaminoethanol (>99%), N-isopropylaminoethanol (>99%), 3-aminopropanol (>98%), 4-
aminobutanol (>98%), 5-aminopentanol (>95%), 1,5-pentanediamine (>95%), 1,6-hexanediamine 
(>99%), 1,7-heptanediamine (>98%), and ethoxyethylamine (>99%) were supplied by Tokyo Kasei 
Kogyo Co., Ltd.  Aniline (>99%), N-ethylaminoethanol (>98%), and distilled water (for preparative 







 The Cs-P/SiO2 catalyst was prepared using the following procedure. Silica beads (60.1 g, 1 mol) 
were impregnated with an aqueous solution of cesium nitrate (39.0 g, 200 mmol) and ammonium 
dihydrogenphosphate (18.4 g, 160 mmol). The crude mixture was then dried at 120 °C and calcined at 
500 °C for 2 h in air. A Cs:P:Si atom ratio in the catalyst was 1:0.8:5, and the specific surface area was 7 
m2/g. The Cs-P-Si catalyst was found to have only macropore, approximately 50 nm diameter determined 
by the measurement of mercury porosimeter and N2 adsorption isotherm analysis. 
 
K-P/SiO2 Catalyst. 
 The K-P/SiO2 catalyst was prepared using the following procedure. Silica beads (60.1 g, 1 mol) 
were impregnated with an aqueous solution of potassium nitrate (20.2 g, 200 mmol) and ammonium 
dihydrogenphosphate (18.4 g, 160 mmol). The crude mixture was dried at 120 °C and calcined at 500 °C 






Cesium on Silica Catalyst (Cs/SiO2). 
 The cesium on silica catalyst (Cs/SiO2) was prepared using the following procedure. Silica 
beads (60.1 g, 1 mol) were impregnated with an aqueous solution of cesium nitrate (39.0 g, 200 mmol) 
without ammonium dihydrogenphosphate. The crude mixture was the dried at 120 °C and calcined at 
500 °C for 2 h in air. The Cs:Si atom ratio in the catalyst was 1:5, and the specific surface area was 2 m2/g. 
 
Phosphorus on Silica Catalyst (P/SiO2). 
 The phosphorus on silica catalyst (P/SiO2) was prepared using the following procedure. Silica 
beads (60.1g, 1mol) were impregnated with an aqueous solution of ammonium dihydrogenphosphate 
(18.4 g, 160 mmol) without cesium nitrate. The crude mixture was dried at 120 °C and calcined at 500 °C 
for 2 h in air. The P:Si atom ratio in the catalyst was 0.8:5, and the specific surface area was 80 m2/g. 
 




The Continuous-Flow, Fixed-Bed Reactor System for N-Methylation of Amines with scCH3OH: 
 The continuous-flow, fixed-bed reactor system consists of five components as follows (Figure 
2-1): (i) the equipment for feeding of the methanol solution of amine (PU1580 HPLC pump, Jasco 
Corporation), (ii) a preheating coil (SS316 tube, 1/16 in.×1 mm×1.0 m) in a GC oven (GC14B, 
Shimadzu Corporation), (iii) a high-pressure, tubular reactor (SS316 reactor with Swagelok VCR joint, 
1/2 in. ×10 mm×135 mm) in the previously described oven, (iv) an automatic back-pressure regulator 
(880-81, Jasco Corporation), and (v) pressure gauge attached to upper and lower pressure limiters with 
automatic power breakers (GL Sciences Inc.) and pressure release valves (R3A, Nupro) as listed in Table 
E-1. Because the critical data of pure methanol are Tc = 239.5 °C, Pc = 8.1 MPa and c = 0.273 g/cm3, a 
tubular reactor has a maximum operating temperature and pressure of 537 °C and 24.1 MPa, 
respectively. 
 
Table E-1. Major components of the continuous-flow fixed-bed reactor (Figure 2.1). 
  
Component appatatus
feed pump PU-1580, JASCO
safety valve R3A, NUPRO
back pressure regulator 880-81, JASCO
reactor oven GC14B, SHIMADZU
valves SCF-Get SV-500, JASCO
reactor tube 1/2 inch SS316 with VCR joint, Swagelok
pressure limiter Digital Pressure Gauge Limiter, GL science
power current breaking device PowerStopper, GL science
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Catalytic N-Methylation of Amines with supercritical CH3OH: 
 The N-methylation reaction of amines in the gas or supercritical phase was isothermally carried 
out in a continuous up-flow tubular reactor (Figure 2-1). The tubular reactor loaded with catalyst 
particles was placed in an air-oven. The temperature controller of the oven controlled the reaction 
temperature, and the temperature in the catalyst bed was also monitored during the reaction. A mixture 
of amine and methanol was introduced into the reactor through the preheating coil with an HPLC pump. 
The pressure in the reaction system was controlled by the automatic back-pressure regulator at between 
0.1 and 15 MPa. Standard reaction conditions for the N-methylation of 2-aminoethanol were the 
following: 5.0 mL of catalyst, the reaction temperature and pressure of 300 °C and 8.2 MPa, respectively, 
a molar ratio of methanol to amine of 10.8:1 or 20:1, and the space velocity as normal liquid flow rate of 
a mixed solution of reactants, LHSV (mL-liquid/mL-cat h) 5 h-1. 
 The reaction products were identified by GC-MS analysis (Agilent 5973N-6890N, Agilent 
Technologies). The selectivity and chemical yield of the products were determined by GC analysis (GC-
17A, Shimadzu Co.; FID detector and DB-1 capillary column, J&W). 
Conversion of amines Xa, yield Yn, and selectivity Sn of methylated products N-methyl 2-aminoetanol, 
N,N-dimethyl 2-aminoethanol, (abbreviated as compounds “n”) were defined as 
 
Xa = (Fa(ini) - Fa)/Fa(ini)×100 (%) 
Yn = Fn/Fa(ini)×100 (%) 
Sn = Yn/Xa×100 (%) 
 
where Fa(ini) and Fa represent molar flow rates of reactant amine at the reactor inlet and outlet, 
respectively, and Fn represents that of the methylated product n at the reactor outlet. 
 
During the reaction, no degradation products of methanol such as dimethyl ether, carbon monoxide or 
methane were detected. Methanol was only consumed as a reactant in the N-methylation reaction. 
 
 
Visual Inspection of the Phase Behavior: 
 A visual inspection of the inside of a 10-mL high-pressure vessel equipped with sapphire 
windows (TSC-W, Taiatsu Techno Corporation) confirmed that the reactants and possible main reaction 




The Magic-Angle-Spinning NMR Measurements: 
 The NMR spectra were measured by the use of a Bruker AVANCE 400 spectrometer, whose 133Cs 
and 31P resonance frequencies were 52.49 and 161.97 MHz, respectively. The chemical shifts of 133Cs and 








 Magnesium carbonate (basic, light), zirconyl nitrate dihydrate (>97%), aqueous ammonium 
hydroxide (28～30%), iron(III) nitrate nonahydrate (>99.9%), vanadyl oxalate hydrate (>55% as 
anhydride), were supplied by Wako Pure Chemical Industries, Ltd. and, synthesized amorphous silica 
powder (Sylysia 350, Fuji Silysia Chemical Ltd.), were used for a catalyst or its precursor.   
 Methanol (>99.8), phenol (>99%), m-cresol (>98%) were supplied by Wako Pure Chemical 






 The magnesium oxide catalyst, MgO, was prepared by calcination of magnesium carbonate at 
540 °C under a nitrogen atmosphere for 5 hours. The specific surface area was 90 m2/g. 
 
ZrO2 catalyst. 
 The zircoium dioxide catalyst, ZrO2, was prepared by precipitation from the reaction of 
ZrO(NO3)2 and aqueous ammonium hydroxide followed by calcination at 850 °C under a nitrogen 
atmosphere for 5 hours. The specific surface area was 9 m2/g. 
 
Fe-V/SiO2 Catalyst. 
 The Fe and V mixed oxide on SiO2 was prepared by impregnating a homogenous methanol 
solution of Fe(NO3)3 andVOC2O4 into synthesized amorphous silica powder (Sylysia 350, Fuji Silysia 
Chemical Ltd.), followed by calcination at 750 °C under air for 5 hours. The Si:Fe:V atom ratio in the 
catalyst was 10:1:1, and the specific surface area was 106 m2/g. 
In the case of non-use for amorphous SiO2, the triclinic FeVO4 phase was detected by powder X-ray 
diffraction analysis. 
 
All catalysts used here were compressively pelletized to 0.3-0.8 mm before testing. 
 
 
The Continuous-Flow, Fixed-Bed Reactor System for Methylation of Phenol or m-Cresol with 
supercritical CH3OH: 
 The almost same continuous-flow, fixed-bed reactor system in chapter 2 was used for the 






Catalytic Methylation of Phenols with supercritical CH3OH: 
 The methylation reaction of phenols in the gas or supercritical phase was carried out 
isothermally in a continuous up-flow, tubular reactor (Figure 2-1).  
 Standard reaction conditions were used 5.0 mL catalyst, 300℃ , 8.2 MPa, molar ratio of 
methanol:phenols = 13.5:1 or 20:1and the LHSV is 4 h-1. The reaction products were identified by Agilent 
5973N-6890N (Agilent Technologies) GC-MS analysis. The selectivity and chemical yield of the products 
were determined by gas chromatography analysis (GC-17A; Shimadzu Co., FID detector and DB-1701 








 Manganese carbonate hydrate (>88% as anhydride, Wako Pure Chemical Industries, Ltd.), 
titanium dioxide (anatase, Wako Pure Chemical Industries, Ltd.), the alkylated cellulose (METOLOSE, 
Shin-Etsu Chemical Co., Ltd.), activated alumina beads of 150 mesh size (AC-12, Sumitomo Chemical Co., 
Ltd.), and manganese (II) nitrate (Wako Pure Chemical Industries, Ltd.) were used for a catalyst or its 
precursor. 
 Methanol (>99.8), triolein (>60%) were supplied by Wako Pure Chemical Industries, Ltd. 
Vegetable oils (refined palm, crude palm, refined rapeseed, refined canola, refined coconut oils) were 
supplied from Mitsubishi Corporation. All oils were analyzed for the amount of effective fatty acid and 




 The heterogeneous Mn catalysts were prepared using the following procedure.  
 
MnTiO3 Catalyst. 
 An aqueous dispersion of MnCO3, TiO2 (anatase) and the alkylated cellulose was prepared. The 
mixture was pelletized and then calcined at 1000°C for 5 hrs in air after drying at 120°C. The BET specific 
surface area was 1 m2/g. 
 
Mn/Al mixed oxide. 
 Activated alumina beads of 150 mesh size were impregnated with an aqueous solution of 
manganese (II) nitrate. The crude mixture was then dried at 120°C and calcined at 800°C for 5 hours in 
air. The Mn:Al atomic ratio in the catalyst was 1:14 and the BET specific surface area was 84 m2/g.  
 
All catalysts used here were compressively pelletized to 0.3-0.8 mm before testing. 
 
 
The Continuous-Flow, Fixed-Bed Reactor System for Transesterification of vegetable oil with 
CH3OH: 
 The almost same continuous-flow, fixed-bed reactor system in chapter 2 was used for the 
methylation reaction of phenols in the gas or supercritical phase, except for individually feeding 






Catalytic Transesterification of vegetable oil with CH3OH: 
 The transesterification reaction of palm oil in the subcritical phase was carried out isothermally 
in a continuous down-flow tubular reactor (SS316 tubular reactor with a Swagelok VCR joint, 1/2 inch 
x 10mm x 220mm). The reactor was loaded with catalyst particles and placed in an oven.  A mixture of 
refined palm oil and methanol was independently introduced into the reactor through the preheating 
mixing coil with its own HPLC pump. The pressure in the reaction system was controlled by an automatic 
back pressure regulator (ER-3000, TESCOM/Emerson Corp.) at 5 MPa.  
 Standard reaction conditions were used (15-mL catalyst, 200°C, 5 MPa, a flow ratio of palm 
oil/methanol = 1/1 by weight and the LHSV is 1 h-1; which is the liquid hourly space velocity, calculated 
based on the liquid flow rate of a solution of mixed reactants at atmospheric temperature and pressure).  
 The chemical yields of the products were determined by gas chromatography analysis (GC-
2010, Shimadzu Corp.; FID detector and DB-FFAP (for FAME: fatty acid methyl esters) and DB-17ht (for 
glycerides) capillary columns, Agilent J&W; using anisole and 1,3-dimethoxybenzene as the internal 
standards, respectively) and the conversion of triglycerides was determined by UPLC analysis (Acquity 
UPLC, Waters Corp.; PDA detector). Analysis of di- and monoglycerides were carried out by GC after 
derivatization to silylethers. Conversion of triglyceride Xa, yield Ye of FAME and yield Yn of each glyceride 
-product, i.e. glycerin, monoglycerides and diglycerides were defined as:  
 Xa = (Fa(ini)-Fa)/Fa(ini) x 100 (%) 
 Ye = Fe / [Fa(ini) x 3] x 100 (%) 
 Yn = Fn / Fa(ini) x 100 (%)  
Fa(ini) and Fa represents molar flow rates of reactant palm oil at the reactor inlet and outlet, respectively, 
and Fe and Fn represents that of FAME and glycerides-products at the reactor outlet, respectively.  
 
 During the reaction, no degradation products of methanol, such as dimethylether, carbon 
monoxide and methane were detected. Methanol was only consumed as a reactant in the 
transesterification reaction.  
 
 
Measurement of the amount of leaching metal species from catalysts: 
 Leaching of metal species was checked by an ICP-AES analysis (CIROS-120, SPECTRO Analytical 
Instruments GmbH) of the diluted homogeneous samples of the product two-phase solution with methyl 
isobutyl ketone solvent. 
 
 
Visual Inspection of the Phase Behavior: 
 A visual inspection of the inside of a 10-mL high-pressure vessel equipped with sapphire 
windows (TSC-W, Taiatsu Techno Corporation) confirmed that the reactants and possible main reaction 
products are all dissolved into supercritical CH3OH to make a single phase under the reaction conditions 
examined here. 
 
The model reaction of manganese diacetate with methanol to methylacetate: 
 The manganese diacetate tetrahydrate (Mn(CH3CO2)2･4H2O; Wako Pure Chemical Industries, 
Ltd., 5 g / 0.02 mol) was dissolved in methanol (15 g / 0.30 mol), and refluxed at 70°C at atmospheric 
pressure for 8 hours. Some brown solid was precipitated and methylacetate was generated (10 mol% 
 93 
 
yield) by GC analysis of the liquid phase (GC-2010, Shimadzu Corp.; FID detector and DB-1 capillary 
column, Agilent J&W; using 2-ethoxyethanol as the internal standard). 
 
 
The bench-scale two-stage reaction system comprised the consecutive two fixed-bed reactors 
with the flash evaporator and the settler: 
 Figure E-1 shows the details of the consecutive two stage reaction system (Figure 4-6). 
    (a) The first reactor; 8 cm  x 220 cm, Austenitic stainless steel 316 
    (b) The second reactor; 8 cm  x 160 cm, Austenitic stainless steel 316 
    (c) The back pressure regulator, MOTOYAMA ENG. WORKS, LTD. 
    (d) The flash evaporator; 8 cm  x 100 cm, Austenitic stainless steel 316 
    (e) The settler; 6 cm (W) x 48 cm (L) x 10 cm (H), Austenitic stainless steel 316 
    (f) The feed pump, diaphragm metering pump, NIKKISO CO., LTD. 
The typical capacity for FAME production was 60 kg per day. 
 
 










 Di-μ-chloro-tetracarbonyl dirhodium(I) (for organic synthesis, Wako Pure Chemical Industries, 
Ltd.), Bis(triphenylphosphine) carbonyl rhodium(I) Chloride (99.9%, Sigam-Aldrich), 
Triphenylphosphine (99%, Sigma-Aldrich), Iodomethane (99.5%, Wako Pure Chemical Industries, Ltd.), 
Cyclohexene (>99.0%, Tokyo Chemical Industries, Ltd.), Formic acid (99%, Wako Pure Chemical 
Industries, Ltd.), Acetic acid (>99.5%, Wako Pure Chemical Industries, Ltd.), p-Toluenesulfonic acid 
monohydrate (>99.0%, Wako Pure Chemical Industries, Ltd.), Methyltriphenylphosphonium Iodide 
(>98.0%, Tokyo Chemical Industries, Ltd.) were used for the hydroxycarbonylation reactions. Liquid CO2 
(>99.9%) and H2 gas (>99.95%) were supplied by Iwatani Corporation. All materials were used without 
further purification except for iodomathane. Iodomethane was used for all the testing after the 




All manipulations were conducted under purified nitrogen. 0.14 mmol of Rh2Cl2(CO)4, 2.77 
mmol of CH3I, 100 mmol of CH3CO2H, 21 mmol of HCO2H, 1 mmol of p-toluenesulfonic acid monohydrate, 
5.7 mmol of cyclohexene and 1.37 mmol of PPh3 were charged into the 30 ml pressure vessel (TVS-N2, 
Taiatsu Techno). The hydroxycarbonylation reaction was carried out at 180 oC for 2.5 or 5 hours in a 
batch manner. In the case of CO2/H2 gas used instead of HCO2H, 290 mmol of CO2 and 12 mmol of H2 
were charged in similar manner (i.e. initial pressure is approximately 13 MPa at 180℃). After cooling to 
room temperature, the product solution was analyzed by GC and GC-MS. The reaction products were 
identified by GC-MS analysis (GCMS-QP2010SE, Shimadzu Co.; TC-FFAP, GL Sciences). The selectivity and 
chemical yield of the products were determined by GC analysis (GC-2025, Shimadzu Co.; FID detector 
and TC-FFAP capillary column, GC Sciences). Conversion of formic acid was determined by GC-TCD 




 Bruker Avance III 400MHz (Bruker Corporation) was used in all NMR experiments. 
 
 
Conputatianal Section (in collaborative research with NAIST): 
 All the computations in this study were performed by the density functional theory (DFT) with 
the B3LYP-D3 functional1. The solvation effect was included by the polarized continuum model (PCM)2 
with a dielectric constant of 6.2528 (acetic acid). The geometry optimizations were performed by using 
the Stuttgart-Dresden (SDD) basis set with the associated effective core potential3 for rhodium and 6-
31G(d) basis sets4 for others (BS1). Gibbs free energy corrections at 180 oC and 69.085 atm were 
obtained at the same level of theory. The single point calculations were performed after the geometry 
optimizations with the larger basis sets, SDD and 6-31+g(d,p) for rhodium and others, respectively (BS2). 
All these calculations were carried out via the global reaction route mapping (GRRM) program5, using 
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